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The processes of growth and reproduction make heavy demands on the resources

of an organism. It is not surprising to find that, as Clark (1962) pointed out,

there is an incompatibility between growth and reproduction, though the degree of

separation of the two processes varies considerably. In insects reproduction is

delayed until molting and growth are completed. Herlant-Meewis (1962) re-

marked that the processes of scissiparity, involving somatic growth, and sexual

reproduction do not occur together in the Naididae. According to Watson (1962),
there is a different type of separation in Thysanura. Ecdyses and growth continue

in the reproductive adult but reproduction and growth alternate during each instar.

Limb regeneration occurs in the juvenile but not in the adult cockroach (Boden-
stein, 1955 ; 1959) nor in adult decapods because of the essential nature of the

molting hormone (Passano and Jyssum, 1963).

Among syllid polychaetes, specialized growth processes associated with repro-

duction lead to the development of stolons which bear the gametes. However, in

more typical polychaetes, the growth rate declines as maturation proceeds (Clark.

1962; Clark and Clark, 1962; Clark and Scully, 1964).
Hormonal mechanisms effecting a separation between growth and reproduction

have been demonstrated in nereids, and as in many other animals, the secretion of

a juvenile hormone is involved. The supraesophageal ganglion, or brain, of nereids

secretes a hormone or hormones which promote segment growth but inhibit matura-

tion during the early stages of development (see reviews by Durchon, 1962; Clark,

1965; and Hauenschild, 1966). Immature nereids regenerate lost posterior seg-

ments. This segment growth is dependent on the presence of the brain hormone

both for its initiation and its further progress (Casanova, 1955; Durchon and

Marcel, 1962; Clark and Ruston, 1963b ; Hofmann, 1966; Golding, 1967a, 1967b).

However, Durchon (1965) has reported that 4-month-old Perinereis cultrifera,

having about 50 segments, is able to regenerate several times over after the removal

of the prostomium. Unpublished observations by the author indicate that very

young Nereis limnicola, having about 20 segments, is unable to regenerate poste-

rior segments in the absence of the prostomium. Possibly Perinereis differs from

Nereis in this respect.

Several authors have noted the inability of mature Nereis diversicolor to regen-

erate segments (Stephan-Dubois, 1956; Clark and Ruston, 1963b; Scully, 1964).

Clark and Ruston (1963b) and Scully (1964) investigated this phenomenon by

designing experiments to test the following two possible explanations: (a) that
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mature animals do not regenerate because of a failure on the part of the supra-

esophageal ganglion to secrete the necessary hormone, or (b) that they do not

regenerate because their tissues have become incapable of responding to the hormone.

Both investigations yielded results which were interpreted to mean that the first

of these two explanations is the correct one.

The experiments described below were designed to reinvestigate the effect of

maturation on regeneration and to shed light on the endocrine mechanisms involved

in the control of these processes.

MATERIALS AND METHODS

N. diversicolor was collected from the littoral zone of the River Avon, Bristol,

England, and maintained in the laboratory in 50% sea water. Extirpation of the

supraesophageal ganglion was carried out by the removal of the intact organ, to-

gether with the overlying epidermis. All experiments involved determination of

the maximum oocyte diameter of each of the animals used. This was accomplished

by placing the animal on dry filter paper and puncturing the dorsal body wall about

half-way along the length of the body with a fine glass capillary tube. The tip of

the latter was ground on carborundum paper in order that it might cause as little

damage as possible. Coelomic contents were forced into the tube by the internal

hydrostatic pressure. A drop was blown out onto a coverglass which was inverted

over a cavity slide. The maximum oocyte diameter was measured by microscopic

observation and the use of a calibrated micrometer eye-piece.

Further details, including those describing grafting techniques, have been given

elsewhere (Golding, 1967a, 1967b).
Statistical significance of data was determined by the use of the f-test.

RESULTS

Regenerative ability and maturity

In the first experiment, the regenerative ability of animals at various stages of

maturity was investigated. Six groups of animals were used, each group consisting

of 10 specimens, and each being at a different stage of maturity. The first group
was made up of animals in which oocytes (or spermatocytes) had yet to be shed into

the coelom. The other groups consisted of animals whose maximum oocyte diame-

ters were 21-60 ^ 61-100 /*, 101-140 /x, 140-180 /*,
and above 180 /*, respectively.

The number of segments possessed by each animal was determined and the mean

TABLE I

Regenerative ability and maturity

Maximum oocyte diameter (/z)
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FIGURE 1. The regenerative ability of Nereis diversicolor at different stages of maturity.

number calculated for each group. Supraesophageal ganglia were allowed to

remain in situ. Forty segments were amputated from each animal. After 21 days,

the number of segments regenerated by each specimen was determined. The results

are expressed in Table I and Figure 1.

One difficulty with respect to this experiment was that the amputation of 40

segments from each animal involved the removal of a greater proportion of the

body of immature worms than that amputated from more mature ones, since the

latter possess a greater number of segments. However, for the sake of simplicity,

this factor was ignored.

It is clear that the regenerative capacity does not vary significantly during the

stages of development represented by the different groups, until the maximum

oocyte diameter exceeds 140 /A. The mean number of segments regenerated by the

group containing oocytes 101-140 /* in diameter is less than that regenerated by the

group with oocytes 61-100
ju,

in diameter, but the difference is not statistically sig-

nificant. However, the group of animals with oocytes of 141-180 p, in diameter

regenerated significantly fewer segments than less mature groups (P < 0.01), but

significantly more than the most mature group, which regenerated no segments

(P<0.05).
Experiments were designed to determine whether the regenerative impotence

of mature worms is due to an inability on the part of the supraesophageal ganglion
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TABLE II

The secretory activity of the mature ganglion

Age of donors

Age of hosts
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Forty mature animals, containing oocytes > 200
ju.

in diameter were divided into

four groups of equal size. The supraesophageal ganglion and all hut 35 anterior

segments were removed from each of the first group of immature Nereis. These
animals received implants of the ganglia of one of the groups of mature animals.

The implanted ganglia were located and removed from the coelom after five days
and replaced by ganglia freshly extirpated from mature donors. This procedure
was carried out every five days so that each of these hosts had finally been sub-

jected to the influence of four ganglia removed from mature animals, consecutively,
each ganglion remaining in the coelom for five days after its initial extirpation.

The second group of immature hosts were prepared in the way described for

the first group. They received implants of the ganglia implanted into, and removed

from, that group. Thus each member of the second group was subjected to the

influence of four ganglia, implanted and removed one after another. Each ganglion
remained in the coelom of the host from the 6th to the 10th day after initial extir-

pation.

The ganglia were implanted into the third group of hosts after removal from
the second group. In this way each member of the third group was subjected to

the influence of four ganglia, consecutively, each ganglion remaining in the coelom

from the llth to the 15th day after its implantation into an immature host.

By transplantation of the ganglia from the third to the fourth group, the latter

were subjected to their influence from the 16th to the 20th day after their ex-

tirpation.

The fifth group constituted a decerebrate control, all but 35 segments being
removed as for the other groups. Mock operations were carried out every five days.

The results are given in Table III. The numbers of segments regenerated by
the four groups of hosts into which ganglia were implanted do not differ significantly.

The results show that ganglia of mature animals secrete regeneration hormone dur-

ing the first five days after their implantation into immature hosts, and that the

subsequent rate of secretion is no higher than that during this time.

The competence of the mature Iwst

This aspect of the problem was investigated by an experiment involving trans-

plantation of ganglia from immature donors into mature hosts.

The regenerative ability of 20 immature animals (the maximum oocyte diameter

not exceeding 120^), each 65-75 segments long, was tested by implanting each

ganglion into the coelom of another member of the group, and the removal of 40

TABLE III

Transplantation of mature ganglia

Time in days after
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TABLE IV

The competence of the mature host

Age of donors

Age of hosts
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TABLE VI

Effects of transplanting immature ganglia into grafted Nereis
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In the second grafting experiment, 10 grafts were stitched into 10 hosts. Each

graft consisted of segments 13-32 of an immature Nereis, containing oocytes
< 120 /A in diameter, and having originally 60-75 segments. Each host was ma-

ture, containing oocytes > 200
//.

in diameter. Forty segments were removed from

each. Three ganglia originating from immature donors were implanted into each

graft.

To provide a control, 10 comparable grafts were stitched into 10 mature hosts.

Immature ganglia were not, however, implanted.

The two groups of grafted animals were kept for 21 days, after which the num-
ber of segments regenerated by hosts and grafts was recorded. The results are

given in Table VI. They show that implantation of a number of immature ganglia
induces a significant (P < 0.05) but very small amount of regeneration in hosts

and grafts.

The principal experiments described in this paper, with their results, are dia-

grammatically represented in Figure 2.

DISCUSSION

The results reported above are pertinent to four problems, namely: (a) The

regenerative ability of animals at different stages of maturity, (b) The origin of

differences in regenerative ability ; that is, whether they are attributable to varia-

tions in the secretory activity of the supraesophageal ganglion or to the relative

competence of the tissues, (c) The possibility that there is feedback mechanism

involved, whereby maturation is both influenced by, and exerts an influence on, the

secretory activities of the brain, (d) The relationship of the "regeneration hor-

mone" and the "juvenile hormone."

When the maximum oocyte diameter exceeds 140 /A, there is a sharp decline in

the ability of the animal to engage in regenerative growth. Mature animals con-

taining fertile oocytes at least 180
/x,

in diameter (Clark and Ruston, 1963a) are

incapable of regenerating segments, though a small but complete pygidium is usu-

ally formed in each case. This conclusion is consistent with those drawn by Clark

and Ruston (1963), Clark and Scully (1964) and Scully (1964).

The second problem was the subject of investigations by Clark and Ruston

(1963b) and Scully (1964). They attributed the inability of older animals to

regenerate to a virtual cessation of the secretory activities of the supraesophageal

ganglion. The second experiment described above demonstrated that the ganglion

does indeed decline in potency as maturation proceeds. However, it is still capable

of secreting a significant amount of regeneration hormone (at least when implanted
into an immature host). The donors used in this experiment contained oocytes at

least 180 /* in diameter. All were tested, with their ganglia in situ, with respect to

their regenerative capacity, and found to lack the ability to regenerate segments.

Clark and Ruston (1963b) and Scully (1964) also asserted that the inability

of older animals to regenerate is not due to incompetence on the part of the tissues

to respond to the hormone. They reported that animals which are unable to regen-

erate normally will do so if ganglia from immature donors are implanted into them.

The number of segments regenerated was small in the experiments of Clark and

Ruston (1963b) only 3 animals produced more than one pair of parapodial rudi-



REGENERATIONIN NEREIS 575

merits. Scully (1964) obtained the regeneration of many segments. However,

though the hosts were at least 90 segments long and control groups failed to regen-

erate, oocyte diameters were not determined.

In the experiments reported above, only animals with oocytes at least 180
p.

in

diameter were used as "mature hosts." Control groups were tested and found

to be incapable of regeneration. Such hosts fail to regenerate significant numbers

of segments after receiving implants of ganglia excised from immature worms.

The latter (the actual specimens, not a control group) were tested and found to

be capable of prolific segment regeneration before the ganglia were transplanted
into the mature hosts.

Since ganglia from mature donors induce regeneration in immature hosts,

W7 hereas ganglia from immature donors do not cause mature hosts to regenerate,

one might conclude that regeneration hormone is secreted in mature Nereis but

that they are incapable of regenerating because of a deficiency on the part of the

body. However, the results do not justify such a conclusion since the experiments

involving implantation of ganglia provide no information about the effect of trans-

plantation on the secretory activities of the ganglia. Though a ganglion from a

mature animal secretes after implantation into an immature host, it may be inactive

in the mature donor. Similarly, though a ganglion of an immature donor is

demonstrably active in such an animal, it may be inhibited by transplantation into

a mature host.

Comparison of the results obtained from two of the experiments indicates that

the mature body may exert an influence on the secretory activities of the ganglion.

The significant amount of regeneration ensuing when the ganglion of a mature

worm is transplanted into an immature, decerebrate, tail-less host is in sharp con-

trast to the virtual absence of regeneration occurring in immature grafts implanted
into mature hosts. Such grafts do not appear to be subjected to any hormonal

influence whatsoever. It is possible that there is a feedback from the maturing
animal to the ganglion, inhibiting the secretion of regeneration hormone. Such

an influence might emanate from the ripening gametes, the neurosecretory cells

of the ventral nerve cord, or from some other source.

A feedback mechanism affecting juvenile hormone secretion in Perinereis ciil-

trifcra was postulated by Durchon (1952) though his claim that the injection of

mature oocytes into immature specimens precipitates maturation has not been sub-

stantiated. However, a comparable mechanism affecting the secretion of a hormone

promoting gametocyte proliferation in Arenicola has been demonstrated by Howie
and McClenaghan (1965).

Nevertheless, Hauenschild and Fischer (1962) are clearly correct in their view

that the secretory activity of the ganglion is, to some extent, autonomous of the

rest of the body. This is shown by the comparatively few segments induced in

immature hosts by ganglia from mature donors. The amount of regeneration in-

duced in mature hosts and their immature grafts by implanting several ganglia from

immature donors is significant but very small. In comparison, immature grafts

in large but immature hosts regenerate an average of 7-8 segments (Golding,

1967b) without the addition of supernumerary ganglia. This probably indicates

that the secretory activities of immature ganglia are not immediately, or completely,
inhibited by the "milieu" of the mature host.



576 D. w. GOLDING

The fourth problem concerns the relationship of the regeneration-promoting
hormone and the maturation-inhibiting hormone. Ruston (1964) thought that

two distinct agents are likely to be involved in controlling the processes of regen-
eration and maturation because of the dissimilarity of the two processes. Clark and
Ruston (1963b) investigated the problem and concluded that the two influences

are not mediated by a single hormone since they found that oocyte growth is not

inhibited during regeneration, though Hauenschild (1966) reported that matura-

tion is delayed after the loss of many segments in Platynereis dinncrilii. Their

reasoning depended on the assumption that regeneration hormone is secreted either

after segment loss but not before, or in greater concentrations after segment loss.

However, if the concentration of hormone remains steady throughout regeneration,
as has been suggested by Golding (1967b), their results do not demonstrate the

existence of two hormones.

The results obtained in this investigation are consistent with the idea that a

single hormone influences both regeneration and maturation. The decline in the

potency of the ganglion with respect to regeneration occurs mainly after the oocytes
have grown to 140 /A in diameter. Clark and Ruston (1963a) showed that de-

cerebration causes little growth in oocytes more than 140 /A in diameter in contrast

to that induced in smaller oocytes. From this it appears that the ganglion becomes
less effective in promoting regeneration and inhibiting maturation at about the same

stage in development.
It may be concluded that one hormone may be responsible for promoting growth

(in intact and regenerating animals) and inhibiting maturation. This single hor-

mone would ensure minimum competition between these two vital processes, stimu-

lating growth but holding back maturation in the young animal. Upon its with-

drawal, growth would cease and maturation would be precipitated.

This work was carried out during tenure of awards of the Science Research

Council, U. K. The author is grateful to Professor R. B. Clark for his encourage-
ment and constructive criticism ; and to Mrs. Emily Reid who prepared the figures.

SUMMARY

Normal and regenerative growth are partially separated from maturation, since

during the later stages of maturation, growth does not occur. A mature animal

almost invariably regenerates a pygidium but rarely regenerates segmental rudi-

ments. The supraesophageal ganglion of a mature animal secretes less hormone
than that of an immature animal, though it still induces a significant amount of

regeneration when implanted into an immature, decerebrate host. The rate of

secretion of such a ganglion is as great during the first five days after implantation
into the host as it is subsequently. A single ganglion from an immature donor (in

which it is known to be actively secreting) induces no regeneration when implanted
into a mature host. Immature grafts, from which posterior segments have been

removed, engage in virtually no segment regeneration when stitched into mature

hosts. However, implantation of three ganglia removed from immature donors

into each graft results in the formation of a significant but very small number of

segmental rudiments in host and graft. These results suggest that there may be
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a feedback from the maturing body, inhibiting the secretory activity of the ganglion.

They are consistent with the suggestion that a single hormone secreted by the

supraesophageal ganglion in immature Nereis both inhibits maturation and pro-
motes growth in intact and regenerating animals.
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